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In summary, the systematic rewiring 
of gene networks in E. coli by Isalan et 
al. provides a powerful new resource 
for studying gene transcription and net-
work evolution. The perturbed networks 
show that it is very easy for organisms 
to optimize their growth by creating new 
network connections, a strategy that 
could be useful for creating new pheno-
types with applications in biotechnology. 
The work leads to more questions than 
answers, in particular concerning why 
promoter elements do not affect gene 
expression as strongly as expected. 
Perhaps most importantly, the rewired 
networks make it clear that, despite the 
extensive information about E. coli path-
ways compiled in public databases, we 
may know less about its gene regulatory 
network than we previously thought.
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In the fruit fly Drosophila, odorant-binding proteins are secreted into the fluid that bathes olfactory 
neurons. Laughlin et al. (2008) now challenge the assumption that the odorant-binding protein 
LUSH passively transports its pheromone to a specific olfactory receptor. Instead, LUSH under-
goes a conformational change upon pheromone binding that is sufficient for neuronal activation.The signal transduction events that 
underlie the detection of odors are 
now commonplace in the textbooks of 
Biology 101. Individual neurons each 
express one of a large, diverse family 
of G protein-coupled odorant receptors 
(GPCRs). The molecular features of a 
volatile chemical activate a specific sub-
set of receptors that stimulates cAMP-
mediated signaling, resulting in the open-
ing of ion channels and depolarization of 
the corresponding neurons. Breathe in, 
it works great! However, recent studies 
investigating insect olfaction reveal that 
this system is not the only mechanism 
to initiate the perception of smell. The 
first surprise came from reports that the 
insect “GPCR” is topologically reversed in the membrane and appears to func-
tion directly as a ligand-gated ion chan-
nel (Sato et al., 2008; Wicher et al., 2008). 
As a second surprise, elegant work from 
Laughlin and coworkers in this issue of 
Cell now shows that odorant neurons 
in Drosophila that detect pheromones 
are not directly activated by the vola-
tile ligand, but instead are activated by 
endogenous odorant-binding proteins 
(OBPs).
In the fly, odorant neurons are ana-
tomically segregated in a protective 
lymph-filled cuticle in which odorants 
diffuse. OBPs are a large, diverse family 
of proteins that are differentially secreted 
into the lymph surrounding specific sub-
sets of neurons. For several decades, Cell 1OBPs have been known to bind and 
release odorants and pheromones. 
However, their role in the mechanism of 
chemosensory detection has remained 
enigmatic. It has been proposed that 
they are either odorant scavengers that 
downregulate the signal or transport 
proteins that stabilize the small molecule 
in the lymph and deliver it to the receptor 
(Pelosi, 2001). Several years ago, Dean 
Smith’s group characterized an OBP 
gene, OBP76a, that encodes the LUSH 
protein, so named for its role in mediat-
ing alcohol avoidance (Kim et al. 1998). 
They found that LUSH bathes a subset 
of neurons including those that are acti-
vated by 11-cis vaccenyl acetate (cVA), a 
mating pheromone that mediates social 33, June 27, 2008 ©2008 Elsevier Inc. 1137
aggregation behavior. Flies with a muta-
tion in the lush gene that lack this OBP 
are behaviorally and electrically unre-
sponsive to the pheromone (Xu et al., 
2005). Interestingly, the researchers 
noticed that the pheromone neurons in 
the lush mutant flies also lost their char-
acteristic spontaneous activity and that 
this was restored by local infusion of 
recombinant LUSH into the lymph. The 
authors reasoned that loss of a scav-
enger or transport protein would not 
be expected to affect the spontaneous 
activity of sensory neurons. Instead, the 
phenotype supported the notion that the 
OBP itself acts as a ligand. They hypoth-
esized that LUSH acts as a weak agonist 
and that upon binding the small molecule 
pheromone cVA, the OBP-ligand com-
plex strongly activates odorant neurons 
(Xu et al., 2005).
Using electrophysiology and behav-
ioral analysis, Laughlin et al. (2008) now 
show that in spite of the ability of LUSH 
to bind to a wide variety of small mol-
ecules, including molecules structurally 
similar to cVA (such as 11-cis vaccenyl 
alcohol and 11-cis vaccenic acid), phero-
mone-responsive neurons are selectively 
activated by LUSH when it is bound to 
cVA. Two nearly identical crystal struc-
tures of LUSH have been resolved that 
represent forms of LUSH that do not 
activate pheromone neurons, one empty 
and one bound to butanol. On the basis 
of these findings, the authors reasoned 
that the binding of OBP to pheromone 
would create a unique interface that 
would directly activate the pheromone 
receptor. In their new study, Laughlin et 
al. resolve the structure of LUSH bound 
to the pheromone cVA. Intriguingly, they 
observed that cVA binds deep within the 
LUSH protein and that binding does not 
result in a unique ligand-protein surface. 
Instead, they found that cVA binding 
specifically disrupts a salt bridge in OBP 
that is maintained in the apo (unbound) 
and butanol (bound) structures. This 
causes a shift in a surface loop of the 
LUSH protein. Using this structural infor-
mation, they rationally designed and 
engineered proteins with point muta-
tions expected to alter the conforma-
tion of LUSH and analyzed their activity. 
Remarkably, a single mutation produced 
a constitutively active OBP that specifi-
cally activates pheromone neurons in the 1138 Cell 133, June 27, 2008 ©2008 Elsevieabsence of cVA. To determine how this 
protein mutation mimics the presence 
of pheromone, Laughlin et al. solved 
the structure of the constitutively active 
LUSH mutant and found that it is essen-
tially identical to empty LUSH except for 
the orientation of the surface loop, which 
mimics the position when LUSH is bound 
to cVA. These investigators cleverly use 
behavior, electrophysiology, and struc-
tural biology to determine that LUSH is 
not a passive carrier of cVA but instead 
is an inactive ligand that is converted by 
cVA binding into a specific activator of 
pheromone neurons (Figure 1).
figure 1. two mechanisms of olfactory 
signaling in Drosophila
(A) Many volatile chemicals appear to directly acti-
vate odorant receptors, resulting in depolarization 
of the sensory neuron.
(B) Laughlin et al. (2008) demonstrate that the fly 
pheromone 11-cis vaccenyl acetate (cVA) does not 
activate a receptor directly. Instead, cVA is bound 
by LUSH, resulting in a conformational change in 
the protein that turns the previously inactive LUSH 
into an active ligand of the pheromone receptor.r Inc.LUSH has additional characteristics 
that suggest this may not be the entire 
story. In addition to binding cVA, LUSH 
also binds to alcohols and is expressed 
in the lymph fluid that bathes alcohol-de-
tecting neurons. Fly lush mutants show 
a lack of alcohol-mediated chemoavoid-
ance behavior, but the mechanism under-
lying this defect has not been deter-
mined (Kim et al., 1998). Furthermore, 
Laughlin and coworkers demonstrate 
that the crystal structure of alcohol-
bound LUSH does not undergo the same 
conformational change seen on cVA 
binding. Instead, the structure of LUSH 
bound to alcohol is essentially identical 
to that of unbound LUSH. Therefore, the 
mechanism underlying the involvement 
of LUSH in alcohol perception is differ-
ent from that mediating perception of the 
cVA pheromone.
Most Drosophila odorant receptors 
are directly activated by small molecule 
odorants. Hence, it is curious that a sub-
set should be “blind” to small molecules 
and instead rely on a protein intermedi-
ary to act as an active ligand. The biolog-
ical basis behind this mechanistic differ-
ence is currently unknown. Interestingly, 
the pheromone neurons activated by 
LUSH-cVA and their synaptic partners 
that project into the brain are known to 
be functionally and anatomically differ-
ent from other odorant responsive cir-
cuits. Although many circuits are “gener-
alists,” activated by multiple compounds 
displaying similar molecular features 
(Hallem and Carlson, 2006), the tuning 
of neurons activated by LUSH-cVA is 
unusually narrow, and so these neurons 
have been deemed “specialist” neurons 
(Schlief and Wilson, 2007). Furthermore, 
their stereotyped projection pattern 
in the brain is sexually dimorphic, and 
activation of this circuit leads to differ-
ent behavioral outcomes in males and 
females (Datta et al., 2008). It is tempting 
to speculate that LUSH ensures specific-
ity and maintains the fidelity of this unique 
circuit that regulates the reproductive fit-
ness of the organism. There are currently 
many orphan OBPs, not only in insects 
but also in most vertebrates. With LUSH 
playing a critical role in activating a spe-
cific pheromone response circuit in the 
fly, it will be of great interest to determine 
the biological role of vertebrate OBPs in 
mediating odor discrimination.
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Hallem, E.A., and Carlson, J.R. (2006). Cell 125, 
143–160.Morphogens exert their effects over long 
distances, typically by spreading from 
cell to cell to activate signal transduction 
in surrounding tissues. One example of 
a morphogen is the signaling molecule 
Hedgehog, which is involved in cell-fate 
specification and tissue patterning dur-
ing development. Originally seen as mol-
ecules that diffuse freely in the extracel-
lular space, most morphogens are now 
known to have a high affinity for biologi-
cal membranes. This is particularly well 
documented for the Hedgehog family 
of secreted proteins, members of which 
bear two lipid moieties that act as mem-
brane anchors (Mann and Beachy, 2004). 
Hedgehog proteins also have a high 
affinity for heparan sulfate proteoglycans 
(HSPGs) that reside at the cell surface 
(Capurro et al., 2008). Although HSPGs 
are expected to reduce the spread of 
Hedgehog (because they act indirectly 
as membrane anchors), several lines of 
evidence from earlier studies (mostly in 
Drosophila imaginal discs) suggest that 
they are required for Hedgehog gradient 
formation. In imaginal discs, Hedgehog 
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is unable to cross patches of cells that 
lack the two HSPGs, Dally and Dally-
like, or that are deficient in the assem-
bly of heparan sulfate chains (Takei et 
al., 2004). A current view is that HSPGs 
reduce the effective diffusion constant of 
Hedgehog, thus preventing rapid, unreg-
ulated dilution of the protein (Guerrero 
and Chiang, 2007; Saha and Schaffer, 
2006). However, a more specific involve-
ment of HSPGs in Hedgehog transport 
(in passage from cell to cell, for example) 
cannot be excluded.
Strong association with membranes 
suggests that Hedgehog proteins are 
poor candidates for long-range signal-
ing. Yet, extensive genetic and cell bio-
logical evidence demonstrates that they 
can act over distances of ten cell diame-
ters or more to organize gene expression 
in a variety of tissues (Ashe and Briscoe, 
2006). To investigate how these unusual 
secreted molecules are dispatched to 
distant cells, Vyas et al. (2008) investi-
gate the distribution of Hedgehog in the 
plasma membrane of Hedgehog-pro-
ducing cells by high-resolution imaging.
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The researchers expressed Hedgehog 
tagged with green fluorescent protein 
(GFP) in the squamous cells of Drosophila 
imaginal discs, as well as in cultured S2R+ 
insect cells. They then visualized Hedge-
hog protein in the plasma membrane using 
Fab fragments of anti-GFP antibodies. In 
both cell types, they observed Hedgehog 
throughout the cell surface and in localized 
optically resolvable clusters (an observa-
tion that will need to be confirmed in cells 
that normally express Hedgehog). Inter-
estingly, these Hedgehog clusters colo-
calized at sites where the HSPG Dally-like 
also accumulates. The authors speculated 
that other HSPGs also may be present in 
these clusters, although they could not 
show this directly for lack of suitable anti-
bodies. Vyas and colleagues then found 
that although the formation of Dally-like 
clusters does not require Hedgehog, the 
formation of Hedgehog clusters at the sur-
face of S2R+ cells does require HSPGs. 
Moreover, Hedgehog proteins that lack a 
small positively charged region predicted 
to interact with HSPGs do not form clus-
ters. Therefore, the authors concluded 
ules that spread within tissues 
(2008) propose that Hedgehog 
-rich clusters at the surface of 
ichment in clusters ensures that 
 diameters.
